1. Introduction {#sec1-polymers-09-00064}
===============

Hydrogels are highly swollen, hydrophilic, three-dimensional (3D) polymeric networks capable of absorbing large amounts of water without dissolving in water or aqueous solvent, yet are insoluble due to the presence of cross-links, entanglements, or crystalline regions \[[@B1-polymers-09-00064]\]. Hydrogel can be formed by natural, synthetic or their hybrid polymers. Recently, attention has been focused on producing hydrogels using materials that are non-toxic and biocompatible in nature. Considering not only safety, but also biocompatibility and biodegradability, biopolymer-based hydrogels have been drawing increasing interest and attention as excellent candidates for biomedical applications, such as drug delivery, wound dressings, and tissue engineering matrices \[[@B2-polymers-09-00064]\].

Biocompatible and biodegradable hydrogels are very important biomaterials used in drug delivery systems, which gained increasing attention of researchers. Chitosan is a highly swellable, pH responsive and biocompatible polymer which can be used to deliver drugs to specific sites of gastrointestinal tract. The pH-sensitive swelling and releasing behavior of hydrogels are useful for the design of oral drug delivery carrier. Chitosan is a linear ubiquitous polysaccharide and heteropolymer consist of glucosamine and *N*-acetyl-glucosamine units \[[@B3-polymers-09-00064]\]. Amino groups of chitosan have a p*K*a value of around 6.5. At pH below this p*K*a value, the amino groups of chitosan get ionized and positively charged --NH~3~^+^ groups are distributed among hydrogel network. This leads to the repulsion of polymer chains within the hydrogel and allowing more water intake into the hydrogel network \[[@B4-polymers-09-00064]\]. Referring to our previous study \[[@B5-polymers-09-00064]\], chitosan hydrogel also exhibited a high swelling ratio in acidic medium than alkaline conditions. Cationic nature of chitosan in acidic medium increases the retention of the hydrogel at the site of application and readily binds to negatively charged surfaces such as mucosal membranes. Mucoadhesive ability could result in formulations containing chitosan being retained in the mucosal surface such as gastric mucosa due to the acidic environment of the stomach. Due to the high degree of swelling and mucoadhesive properties in acidic medium, chitosan-based hydrogels have been used as a carrier for stomach---specific drug delivery systems \[[@B6-polymers-09-00064],[@B7-polymers-09-00064],[@B8-polymers-09-00064],[@B9-polymers-09-00064],[@B10-polymers-09-00064],[@B11-polymers-09-00064]\].

Adequate mechanical strength is desirable for hydrogels as drug delivery systems \[[@B12-polymers-09-00064],[@B13-polymers-09-00064]\]. Improved mechanical strength can withstand the pressure during gastric contraction and prolong the gastric retention time \[[@B14-polymers-09-00064]\]. Hydrogels with less mechanical strength can become fragmented after repetitive gastric contractions \[[@B15-polymers-09-00064],[@B16-polymers-09-00064]\]. Recently, nanomaterials have been used as a reinforcing agent to improve the mechanical strength and stability of polymer hydrogels \[[@B17-polymers-09-00064],[@B18-polymers-09-00064]\]. CNCs have received much attention as reinforcing agent because of their properties such as large surface area, high mechanical strength, low density, non-toxic nature, high aspect ratio, biocompatibility and biodegradability \[[@B18-polymers-09-00064],[@B19-polymers-09-00064],[@B20-polymers-09-00064],[@B21-polymers-09-00064],[@B22-polymers-09-00064],[@B23-polymers-09-00064]\]. In our previous study \[[@B4-polymers-09-00064]\], the compression strength of the chitosan hydrogel increased with physical reinforcement of cellulose nanocrystals. The maximum compression of chitosan hydrogel increased from 38.4 ± 1 kPa to 50.8 ± 3 kPa, with increasing CNC content from 0.5% to 2.5%. Nanocellulose reinforced chitosan hydrogel forms a semi-interpenetrating polymer network (semi-IPN) by diffusion of linear polymer chains into a preformed polymer network. Semi-IPN improves the mechanical properties and controls the swelling behavior of hydrogel \[[@B5-polymers-09-00064],[@B24-polymers-09-00064]\].

Curcumin (diferuloylmethane), a natural polyphenolic nutraceutical, is a major component of turmeric (*Curcuma longa*) that has been associated with antioxidant, anticancer, anti-inflammatory, antiviral, and antibacterial activities as indicated by over 6000 citations and over one hundred clinical studies \[[@B25-polymers-09-00064]\]. Recent studies showed that curcumin can block ethanol, indomethacin, stress-induced gastric ulcer and can prevent pylorus-ligation-induced acid secretion \[[@B26-polymers-09-00064]\]. *Helicobacter pylori* (*H. pylori*) a gram-negative bacteria, is reported as etiologic factor in the development of the chronic gastritis, ulcers and gastric adenocarcinoma. Many studies highlighted the potential of curcumin as a promising antibacterial agent having property to restore and repair the gastric damage caused by *H. pylori* infection. The poor solubility and low bioavailability of curcumin have been highlighted as the major problem that can lead to loss of local therapeutic action in the stomach \[[@B27-polymers-09-00064]\]. However, many attempts have been made to improve the pharmacotherapy of the stomach through local drug release, leading to high drug concentration at the gastric mucosa, making it possible to treat stomach and duodenal ulcer, gastritis and esophagitis \[[@B10-polymers-09-00064],[@B28-polymers-09-00064],[@B29-polymers-09-00064],[@B30-polymers-09-00064],[@B31-polymers-09-00064],[@B32-polymers-09-00064],[@B33-polymers-09-00064]\].

CNC/chitosan hydrogels have been used for various drug delivery applications. Previous studies \[[@B34-polymers-09-00064],[@B35-polymers-09-00064]\] had reported the use of CNC/chitosan hydrogels as potential drug carrier for procaine hydrochloride and formation of polyelectrolyte-macroion complexes. However, nanocellulose reinforced chitosan hydrogel is not yet investigated or reported for its application as drug delivery system for curcumin. Objective of this study is to improve the bioavailability of less water-soluble curcumin for the absorption from stomach and upper intestinal tract. In acidic medium, the protonated amino groups of chitosan will interact with sialic acid (*N*-acetylneuraminic) in gastric mucus by electrostatic interaction thus improve the gastric residence time and retaining the drug at the absorption site for a prolonged period. A large extent of chitosan matrix swelling is found to occur in acidic medium, hence the drug molecules are expected to diffuse extensively through the swollen gel in to the exterior medium at gastric pH levels. Due to the fast swelling property the super porous hydrogels are widely used for delivery of poorly water-soluble drugs. Gas foaming is used to fabricate superporous hydrogel with large and widely interconnected pore structures. To sum-up, the mucoadhesiveness, stimuli sensitivity and faster swellability will make the hydrogel a suitable candidate for stomach specific drug delivery systems.

2. Materials and Methods {#sec2-polymers-09-00064}
========================

2.1. Materials {#sec2dot1-polymers-09-00064}
--------------

Chitosan medium molecular weight (viscosity 200--500 cP, 0.5% acetic acid at 20 °C), acetic acid glacial grade AR, methanol, hydrochloric acid, sodium chloride and sulfuric acid were purchased from Friendemann Schmidt Chemicals (Parkwood, Australia). Glutaraldehyde 25% was obtained from Thermo Fisher Scientific Inc. (Victoria, Australia). The drug curcumin was provided by Himedia Laboratories Pvt Ltd. (Mumbai, India). Microcrystalline cellulose and phosphate-buffered saline was obtained from R&M chemicals (Essex, UK). All chemicals were used as obtained.

2.2. Preparation of CNC--Chitosan Hydrogel {#sec2dot2-polymers-09-00064}
------------------------------------------

CNCs were prepared from microcrystalline by sulfuric acid hydrolysis method reported in our previous study \[[@B36-polymers-09-00064],[@B37-polymers-09-00064],[@B38-polymers-09-00064]\]. Chitosan was dissolved in 5% (*v*/*v*) aqueous acetic acid solution at room temperature and left overnight in the shaker with the rotation rate of 250 rpm to prepare a 2% (*w*/*v*) chitosan solution (High concentration of acetic acid induces lower viscosity and hence easier to dispersion of nanocrystals) \[[@B39-polymers-09-00064],[@B40-polymers-09-00064]\]. The solution was then filtered through the filter paper to remove any insoluble matters. CNCs were homogenized using ultrasonic treatment for 10 min to obtain stable and uniformly distributed nanocrystals. To prepare chitosan hydrogel and CNC--chitosan hydrogel, CNCs in different concentrations were added (0%, 0.5%, 1%, 1.5%, 2%, 2.5%) to 2% (*w*/*v*) chitosan solution and stirred (250 rpm) for one hour. After that 0.2% (*v*/*v*) of glutaraldehyde (in the final mixture) was mixed with CNC--chitosan solution and stirred (350 rpm) for 1 min at room temperature. The mixture was then poured into the mold and allowed the hydrogel to solidify at room temperature for 24 h. Finally, hydrogels were rinsed several times with distilled water to remove any unreacted polymer or chemicals.

2.3. Equilibrium Swelling Study {#sec2dot3-polymers-09-00064}
-------------------------------

The swelling ratios were measured by the immersion of hydrogels in distilled water at 37 °C. Before the swelling test, hydrogels were cut into disk shape pieces and dried in room temperature until they reached constant weight. Dried hydrogels were weighed before immersion into the distilled water. The weight of the swelled hydrogels after immersion in the distilled water was recorded at predetermined time intervals over 16 h. The swelling ratio of the hydrogels was calculated using Equation (1). $$\begin{matrix}
{Swelling} \\
\end{matrix}\begin{matrix}
{ratio} \\
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\end{matrix}$$ where *W*~1~ is the weight of swollen hydrogel and *W*~0~ is the initial dry weight of the hydrogel.

2.4. CO~2~ Gas Foaming of Hydrogels {#sec2dot4-polymers-09-00064}
-----------------------------------

A 0.5% CNC--chitosan composition was used for the high pressure CO~2~ gas foaming process as it showed the highest swelling ratio from equilibrium swelling test. After mixing with the chitosan solution with glutaraldehyde and 0.5% CNC as described above, the mixture was poured in to the mold and placed inside the gas foaming apparatus. After that the apparatus was gradually pressurized with CO~2~ to predetermined pressure (10, 30 and 50 bar). The pressure was maintained to allow for CO~2~ saturation and chitosan crosslinking for 48 h. The system was then depressurized at 1 bar/min, resulting in the generation of numerous gas bubbles which induce gas foaming. Swelling tests, drug loading and releasing tests were done for 0.5% CNC--chitosan hydrogel prepared at 10, 30 and 50 bar pressure and compared with the results of the hydrogel prepared at atmospheric condition.

2.5. Drug Loading Efficiency {#sec2dot5-polymers-09-00064}
----------------------------

Curcumin was entrapped into hydrogels by swelling equilibrium method. Disk shaped hydrogels were immersed in 30 mg/L drug solution for 24 h at room temperature. Curcumin loaded hydrogels were removed from drug solution and rinsed with distilled water and washing was collected. Curcumin concentration remaining in the solution was determined by UV-2600, UV-Vis spectrophotometer (Shimadzu, Kyoto, Japan) at 427 nm. The experiments were repeated three times and average values were taken. The drug encapsulation efficiency was calculated using Equation (2). $${Encapsulation}\begin{matrix}
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2.6. In Vitro Drug Release {#sec2dot6-polymers-09-00064}
--------------------------

In vitro drug release from hydrogel networks with different drug loading contents, was investigated in simulated gastric condition (prepared by dissolving 2 g NaCl in 7.0 mL HCl and water up to 1000 mL) at 37 °C. In order to study the release, 3 mL solution containing released drug was removed at predetermined time intervals and returned it back to the solution after the analysis. The concentration of released curcumin was measured at 427 nm using UV-Vis spectrophotometer (UV-2600, Shimadzu, Japan). The experiments were performed triplicates and average values were taken.

2.7. FTIR Analysis {#sec2dot7-polymers-09-00064}
------------------

FTIR studies of curcumin, hydrogel and curcumin loaded hydrogel were carried out using PerkinElmer spectrum 400 FTIR spectrometer (Shimadzu, Kyoto, Japan) over the range 3000--500 cm^--1^.

2.8. Morphology Studies {#sec2dot8-polymers-09-00064}
-----------------------

The morphology of the gas foamed hydrogel (at 50 bar) and hydrogels prepared at atmospheric condition was examined using (FE-SEM, SU8220) field emission scanning electron microscope (Hitachi, Tokyo, Japan). Hydrogels were freeze dried using freeze dryer to remove water without disturbing the morphology. After this, the hydrogels were coated with gold in order to prevent the charging effects at an accelerating voltage of 5 kV.

2.9. Mechanical Testing {#sec2dot9-polymers-09-00064}
-----------------------

The mechanical properties of hydrogels were investigated by compression test using a (Shimadzu, AGS-X) universal/tensile tester (Shimadzu, Kyoto, Japan). The hydrogels were cut in to disk shapes (thickness (12 mm) and diameter (18 mm)) and allowed to equilibrate in pH 7.4 buffer solutions for 30 h. During the compressive strength tests, stress and strain responses were monitored under a load of 500 N and at a rate of 0.5 mm/min. Strain and stress were recorded using Trapezium Lite X software until maximum breaking strength was approached. Five replicates were tested to get the average and standard deviation.

2.10. In Vitro Degradation {#sec2dot10-polymers-09-00064}
--------------------------

In vitro degradation studies of hydrogels were carried out in PBS solution for six weeks. The dried gels were kept in 50 mL of PBS. The PBS was renewed every week. At predetermined time intervals, samples were taken out, washed, blotted using filter paper and dried to constant weight at 45 °C. Dry weight of the sample was measured and weight loss was determined using Equation (3). $${Weight}\begin{matrix}
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\end{matrix}$$ *W*~0~ is the dry weight of the hydrogel taken initially and *W*~t~ is the dry weight at time *t*.

3. Results and Discussion {#sec3-polymers-09-00064}
=========================

3.1. Mechanical Properties {#sec3dot1-polymers-09-00064}
--------------------------

Adequate mechanical strength is desirable for hydrogels as drug delivery systems. Improved mechanical strength can withstand the pressure during gastric contraction and prolong the gastric retention time. Hydrogels with less mechanical strength can become fragmented after repetitive gastric contractions \[[@B15-polymers-09-00064],[@B16-polymers-09-00064]\]. Unmodified chitosan hydrogels exhibit relatively low mechanical strength uncontrollable porosity and degradability particularly in acidic aqueous solutions \[[@B41-polymers-09-00064]\]. Thus many efforts have been made on modification of chitosan facilitated by its hydroxyl and amino groups \[[@B42-polymers-09-00064]\]. Mechanical strength, can be improved by covalent crosslinking using chemical crosslinkers such as glutaraldehyde (GA), oxalic acid, formaldehyde, glyoxal, and genipine \[[@B43-polymers-09-00064]\]. Previous studies revealed that the higher crosslinker concentrations are favorable from the mechanical stability point of view, but at the same time the decrease in porosity may cause lower drug release rates by diffusion through the porous media \[[@B44-polymers-09-00064]\]. In general, a high concentration of crosslinking agent is required to improve the mechanical strength of a hydrogel \[[@B16-polymers-09-00064]\]. In this research, we were able to improve the mechanical properties of chitosan hydrogel by physical reinforcement of CNC at a constant crosslinker concentration. Glutaraldehyde (0.2% (*v*/*v*)) was used to prepare both pure chitosan and 0.5% CNC reinforced chitosan hydrogel. Nanocellulose reinforced chitosan hydrogel forms a semi-interpenetrating polymer network (semi-IPN) via the diffusion of linear polymer chains into a preformed polymer network. A semi-IPN structure improves the mechanical properties of a hydrogel and controls its swelling behavior \[[@B30-polymers-09-00064]\].

Several mechanisms are responsible for the interface reinforcement of polymer matrix by nanoparticles. The interaction between nanoparticles and the polymer matrix could form special microstructures such as finer scale lamellar structure result in improved mechanical properties; nanoparticles could effectively enhance their interaction with the matrix through chemical bonds (for instance, increase the crosslinking densities) or increase the physical interactions between polymer chains of the matrix. In this manner, nanoparticles can strongly influence to complement the poor mechanical and tribological performances of some polymer matrices \[[@B31-polymers-09-00064]\].

In our previous study, the maximum compression of CNC--chitosan hydrogel increased from 25.9 ± 1 kPa to 50.8 ± 3 kPa with increasing CNC content ranging from 0% to 2.5%. In addition, the maximum compression did not increase significantly with the addition of over 2.5% CNCs to the chitosan hydrogel \[[@B4-polymers-09-00064]\]. The results of previous study indicated a decrease in swelling ratios with increasing the CNC content of chitosan hydrogel. Within the CNC reinforced hydrogels, 0.5% CNC--chitosan hydrogel indicated the highest swelling ratio in distilled water. Therefore, 0.5% CNC--chitosan hydrogel was used for the gas foaming process and for the investigation of mechanical properties.

As shown in [Figure 1](#polymers-09-00064-f001){ref-type="fig"}, the maximum compression of pure chitosan hydrogel was 25.9 ± 1 kPa and it increased to 38.4 ± 1 kPa with the introduction of 0.5% cellulose nanocrystals. The maximum compression of 0.5% CNC--chitosan hydrogel produced at atmospheric condition was 38.4 ± 1 kPa and it decreased with increasing the pressure of gas foaming process. This value for hydrogels produced at 10, 30 and 50 bar was 25.7 ± 2, 17.0 ± 0.2 and 5.4 ± 0.2 kPa, respectively. The decrease in maximum compression is due to the increase of pore size and the pore interconnectivity of CNC--chitosan hydrogel produced at gas foaming process. Several studies have also reported that the mechanical strength of hydrogels and scaffolds decreases with increase of the pore size and the pore interconnectivity \[[@B29-polymers-09-00064],[@B32-polymers-09-00064],[@B45-polymers-09-00064]\]. Ji et al. \[[@B46-polymers-09-00064]\] reported that the compressive modulus of glutaraldehyde crosslinked chitosan was more than threefold lower at CO~2~ pressure of 60 bar when compare with the hydrogels produced at atmospheric condition. According to Ji, Annabi, Khademhosseini and Dehghani \[[@B37-polymers-09-00064]\] the maximum compression of gas foamed chitosan hydrogel is comparatively greater than the results of our study. This may be due to the high concentration of glutaraldehyde (0.5% *v*/*v*) used for their study. According to the results of Annabi et al. \[[@B47-polymers-09-00064]\] the maximum compression of α-elastin hydrogel produced at dense gas CO~2~ (pressure at 60 bar) was 4.3 ± 1.4 kPa; slightly lower than the results of our study, which is due to the nature of biopolymer used.

3.2. FTIR Analysis {#sec3dot2-polymers-09-00064}
------------------

[Figure 2](#polymers-09-00064-f002){ref-type="fig"} shows the FTIR spectra of pure chitosan hydrogel, 0.5% CNC--chitosan hydrogel, drug loaded 0.5% CNC--chitosan hydrogel and pure curcumin. Results of our previous study showed that the FTIR spectra of CNC and chitosan are fairly similar due to the chemical similarity between chitosan and cellulose \[[@B5-polymers-09-00064]\]. In the FTIR spectrum of the CNC--chitosan hydrogel, peaks representing both the chitosan hydrogel and CNC were observed \[[@B5-polymers-09-00064]\]. No change or new peak appeared in the spectrum of 0.5% CNC--chitosan hydrogel, thereby indicating that the cellulose nanoparticles were physically added to chitosan hydrogel. The spectrum of curcumin showed characteristic peaks at 1601, 1506, 1274, and 1152 cm^--1^, which corresponded to the stretching vibrations of the benzene ring, C=C vibrations, aromatic C--O stretching, and C--O--C stretching modes, respectively \[[@B48-polymers-09-00064],[@B49-polymers-09-00064]\]. Those characteristic peaks are not shifted significantly in curcumin loaded 0.5% CNC--chitosan hydrogel revealed that there is no interaction between drug and ingredients present in hydrogels. Thus, there is no change in the chemical composition of the drug after the loading process. However, the intensity of the bands in curcumin and curcumin-loaded hydrogel are different. The decrease in peak intensity is due to lower concentration of curcumin in the hydrogel as its concentration was not 100%. Hence, FTIR analysis provides significant evidence for the presence of curcumin in the drug-loaded hydrogel.

3.3. Morphology Studies {#sec3dot3-polymers-09-00064}
-----------------------

Prior to FESEM observation, hydrogels were freeze-dried to remove water to avoid disturbing the morphology of hydrogels. After freeze-drying, hydrogels exhibited a porous network structure (as shown in [Figure 3](#polymers-09-00064-f003){ref-type="fig"}). After the gas foaming ([Figure 3](#polymers-09-00064-f003){ref-type="fig"}a), the pore size significantly increased with the formation of widely interconnected porous structure. Gas foamed hydrogel exhibited rough cell wall structure which exposed more surface area to the drug molecules. Pore sizes of the hydrogel formed at atmospheric pressure ([Figure 3](#polymers-09-00064-f003){ref-type="fig"}b) was around 100 µm and it was more than 10 fold higher in gas foamed hydrogel (at 50 bar)~.~

Due to sudden volume expansion, the original morphological features changed in the swollen hydrogel in the drug diffusion medium. In the gas foamed hydrogel, the large pore structure disappeared and small interconnected pores formed after the immersion in SGF (as shown in [Figure 3](#polymers-09-00064-f003){ref-type="fig"}c). On the other hand, the initial porous structure of the hydrogel prepared at atmospheric condition was changed and formed a nonporous structure ([Figure 3](#polymers-09-00064-f003){ref-type="fig"}d). It is clear that the interconnected pores in the swollen state of gas foamed hydrogel promote the swellability, drug loading efficiency, and release as compared to the hydrogel formed at atmospheric condition.

3.4. Swelling Ratio {#sec3dot4-polymers-09-00064}
-------------------

Preliminary swelling study is the indicative of the release mechanism of the drug from the swollen polymeric hydrogel \[[@B50-polymers-09-00064]\]. In this study, swelling experiments were carried out in distilled water for chitosan hydrogels prepared with different percentage of CNCs. As shown in [Figure 4](#polymers-09-00064-f004){ref-type="fig"}, swelling increases with time, first rapidly and then slowly, reaching a plateau. All the hydrogel formulations showed more than 100% swelling ratios within first 15 min. In our previous study, we found that the pore sizes of these hydrogels are in the range of several hundred micrometers. According to Ganji et al. \[[@B51-polymers-09-00064]\] the hydrogels possessing pore sizes of several hundred micrometers are classified as super-porous hydrogels (SPHs) which act as a capillary system causing a rapid water uptake into the porous structure. Such a fast swelling is because of absorption of water by capillary force rather than by simple absorption.

After the rapid swelling stage, the swelling ratio increased slowly to reach an equilibrium state. During the process of hydrogel swelling, against the favorable osmotic force, there is an opposite elasticity force, which balances the stretching of the network and prevents its deformation. At equilibrium, elasticity and osmotic forces are balanced and prevent additional swelling \[[@B51-polymers-09-00064],[@B52-polymers-09-00064]\].

Referring to our previous study, all the hydrogels showed highest swelling ratio at acidic medium (pH 4.01). Results of the swelling test of this study showed that the hydrogels swelled more in distilled water than those swelled in buffer solutions (pH 4.01, pH 7 and pH 10.01). Annabi, Mithieux, Weiss and Dehghani \[[@B47-polymers-09-00064]\] described that the reason for lowering of swelling ratio of elastin hydrogels in buffer solutions is due to the presence of salt in buffer solutions resulting in a contraction of the material due to water expulsion.

Out of all types of hydrogels, the 0.5% CNC--chitosan hydrogel showed the highest equilibrium swelling ratio (438% ± 11%), followed by pure chitosan hydrogel (407% ± 13%) and then the 1.0% CNC--chitosan hydrogel (395% ± 14%). Initial swelling is because of water molecules forming hydrogen bonds with hydrophilic functional groups (amine (--NH~2~) and hydroxyl groups (--OH)) present in the chitosan chains. More water molecules then orientate around the bound water to form cage like structures. Finally, excess water enters freely into the hydrogel network resulting in more swelling \[[@B53-polymers-09-00064]\]. All CNC--chitosan hydrogels were expected to show increased swelling ratios due to the hydrophilic property of the CNC. However, our results revealed that the 0.5% CNC--chitosan hydrogel achieved the highest equilibrium swelling ratio. Swelling ratio decreased with further increasing of CNC. Previous studies have described that the decrease of swelling occurred with increase of CNC in the hydrogel is due to the filling up of the free space of hydrogel by CNCs \[[@B54-polymers-09-00064]\].

The 0.5 CNC--chitosan hydrogel was used for the CO~2~ gas foaming process as it showed the highest swelling properties in previous swelling studies. As shown in [Figure 5](#polymers-09-00064-f005){ref-type="fig"}, equilibrium swelling ratio of gas foamed hydrogel was studied with varying the CO~2~ pressure of gas foaming process (10, 30 and 50 bar). The experiments were repeated three times and average values were taken. Compared with the hydrogels formed at atmospheric condition, the gas foamed hydrogels swelled faster and reached to the equilibrium stage in a short period of time (around 350 min). However, the maximum swelling ratio of each hydrogel was not varied with the processing pressure. Rapid swelling is due to the formation of larger and interconnected pore network of gas foamed super porous hydrogel (as shown in [Figure 3](#polymers-09-00064-f003){ref-type="fig"}). Open capillary channels in super porous hydrogels absorb water by capillary force rather than by simple absorption resulting in faster swelling behavior \[[@B55-polymers-09-00064]\].

3.5. Drug Encapsulation Efficiency {#sec3dot5-polymers-09-00064}
----------------------------------

For the curcumin molecule, intramolecular hydrogen bond is the primary interaction which consist of two hydroxyl groups (--OH) in the benzene ring and the hydroxyl near keto group (C=O) \[[@B56-polymers-09-00064]\]. Probable interactions between curcumin and chitosan molecules are shown in [Figure 6](#polymers-09-00064-f006){ref-type="fig"}. The oxygen of hydroxyl on the benzene ring is an important binding site for chitosan molecules. One hydrogen bond can be formed by free hydroxyl groups of glucosamine and the other can be formed by the free amino group of glucosamine. The modeling studies of Liu et al. \[[@B57-polymers-09-00064]\] showed that the lower total energy of curcumin loaded chitosan compared to the total energy of individual molecules proved the possibility of these interactions in the drug loaded system. Thus, it is possible that an interaction will occur between drug and polymer molecules through hydrogen bonding. Results from our previous study showed that the degree of cross linking of chitosan hydrogel was 83.6%. This reveals that more amine groups present in chitosan backbone are occupied by the crosslinking and formation of Schiff base. Therefore, it will limit the availability of free amine groups to bind with drug molecules.

From the data tabulated in [Table 1](#polymers-09-00064-t001){ref-type="table"}, the maximum drug loading efficiency occurred for the 0.5% CNC--chitosan hydrogel. This result was followed by chitosan hydrogel, the 1% CNC--chitosan hydrogel, and so on. This observed trend was similar to the swelling test pattern of the hydrogels as indicated in [Figure 4](#polymers-09-00064-f004){ref-type="fig"}. When the hydrogel swelling ratio is high, a large amount of drug solution can be absorbed and retained in the hydrogel network, leading to an incremental increase in the drug loading efficiency. Therefore, we can conclude that the efficiency of drug loading in the hydrogel is dependent upon the swelling of the hydrogel in water.

As more CNC was added into the chitosan network, the voids in the chitosan network are gradually filled by CNC, forming a rigid structure and creating a barrier that would prevent the penetration of drug solution in to the hydrogel, which would cause a decrease in the drug loading efficiency.

3.6. In Vitro Drug Release {#sec3dot6-polymers-09-00064}
--------------------------

The objective of this study is to improve the bioavailability of curcumin to increase absorption from acidic medium in a controlled manner, thereby avoiding wastage of the drug and achieving the desired treatment effect. As shown in [Figure 7](#polymers-09-00064-f007){ref-type="fig"}, the drug release pattern for all hydrogels investigated can be divided in to two phases: an initial burst release and a prolonged diffusion-controlled phase \[[@B58-polymers-09-00064]\]. Rapid drug release in phase one of the test could be due to the presence of the drug on the surface of the hydrogel and the higher drug concentration gradient present at the beginning of the test. This higher concentration gradient could act as the driving force for the drug release from the hydrogel matrix. After the burst release, the releasing rates decline steadily with time, which may be due to the thickness of the hydrogel acting as a diffusion barrier \[[@B59-polymers-09-00064]\].

In general, the rate of drug release from hydrogel matrix is depend on the interaction between the drug and the polymer molecules, the solubility of the drug, and hydrogel swelling in aqueous media \[[@B60-polymers-09-00064]\]. However, in this study, there is no indication for the presence of interaction between hydrogel and drug. Therefore, the rate of drug release in this test depended only on the solubility of the drug and the swelling ratio of the hydrogel in aqueous media. It is clear that the drug release profiles of hydrogels are consistent with the data obtained from the swelling studies. The hydrogel with the higher swelling ratio achieved higher drug release percentages. In this study, the 0.5% CNC--chitosan hydrogel had the highest drug release percentage, whereas the 2.5% CNC--chitosan hydrogel produced the lowest drug release percentage. A lower concentration of curcumin release from these hydrogels is attributable to the fact that curcumin has very poor solubility in water. It has been reported that curcumin has a solubility of around 2.67 µg/mL at pH 7.3 \[[@B61-polymers-09-00064]\].

It is reported that the average gastric emptying times for healthy individuals at 1, 2, and 4 h are \>90%, 60% and 10% respectively \[[@B62-polymers-09-00064]\]. Our results showed that all the hydrogels reached to a prolonged diffusion-controlled phase around 120 min. According to the drug release pattern of hydrogels, this drug delivery system can be suggested to improve the bioavailability of curcumin for the absorption from acidic medium during gastric residential time.

3.7. Drug Release Kinetics {#sec3dot7-polymers-09-00064}
--------------------------

Curcumin release kinetics was investigated using Ritger--Peppas model (Equation (4)). $$F_{D} = \frac{M_{t}}{M_{\infty}} = Kt^{n}$$ where *M*~t~/*M*~∞~ is the ratio of curcumin release at time t to the equilibrium swollen state. *K* is the kinetic constant to measure velocity of release and geometrical parameters corresponding to drug--polymer system. *n* is the diffusion exponent related to transport mechanism. If *n* \< 0.5, it indicates Fickian diffusion, or drug release that is diffusion-controlled and penetration of solvent into the hydrogel is much faster than the polymer chain relaxation. When 0.5 \< *n* \< 1, diffusion and release of drug occur in a non-Fickian (anomalous) manner. This means that drug release followed both diffusion and erosion controlled mechanisms \[[@B63-polymers-09-00064]\]. If *n* = 1, it indicates case II transport, where the release rate is constant and controlled by polymer relaxation. The values of *n*, *k* and *R*^2^ of the present study are shown in [Table 2](#polymers-09-00064-t002){ref-type="table"}. The n values range from 0.61--0.76 when curcumin released in SGF and drug release occurred in non-Fickian (anomalous) manner \[[@B64-polymers-09-00064]\]. If *n* is close to unity, it means solvent penetration controlled by relaxation of polymer chains rather than diffusion \[[@B65-polymers-09-00064]\]. It appears that n value for 0% CNC--chitosan hydrogel is closer to unity when compared with other hydrogels. This may be due to the fact that the 0% CNC--chitosan sample does not contain cellulose nanocrystals within the chitosan matrix. As the hydrogel does not contain the cellulose nanocrystals, there may be some relaxation of chitosan segments within the matrix. In this way, the curcumin release is not totally diffusion controlled but it is partly controlled by chain relaxation process also. On the other hand, there may probably be physical crosslinks between the surface hydroxyls of cellulose crystals and --OH groups of chitosan molecules. The presence of H-bonding interactions between chitosan and cellulose restricts the relaxation of chitosan chains. Therefore, the *n* values for CNC reinforced chitosan hydrogels is lower than the n value of 0% CNC--chitosan hydrogel and drug release depends more on the diffusion rather than relaxation of polymer chains. Furthermore, a significant weight loss was not observed for the hydrogels when immersed in the SGF for 12 h. It may be due to the high degree of cross linking (83.6%) of these hydrogels. This will further clarify that drug release is driven by diffusion driven, rather than erosion of the hydrogel.

The difference in *k* values indicates the difference in physical properties of hydrogel and difference in drug polymer interaction. In addition, the *k* values are smaller due to the less interaction between drug and polymers. In this study, Ritger--Peppas model was used to analyze the drug release kinetics. By using this model, regression coefficient (*R*^2^) was found very close to unity, and it suggested the release data best fit to Ritger--Peppas model.

The release of the drug is usually controlled by diffusion and so the release profile can be easily modified by changing the material properties such as pore size or the overall pore surface area, pore connectivity and pore geometry \[[@B66-polymers-09-00064]\]. Larger pore size is suitable to load a high dose of drug molecules \[[@B67-polymers-09-00064]\]. Due to the large pore size of hydrogels, a rapid initial burst release is typically observed. In this study, large-scale macroporous hydrogel with wide interconnected pores and large accessible surface area was obtained with using carbon dioxide gas foaming process. The 0.5% CNC--chitosan hydrogel was used for the gas foaming as it showed the highest swelling ratio and maximum drug release in the previous experiments. As shown in [Figure 3](#polymers-09-00064-f003){ref-type="fig"}, the pore size of hydrogel increased by more than tenfold after the gas foaming process. The increased pore size and pore interconnectivity act as a capillary system causing a rapid diffusion of drug solution through the hydrogel matrix. The drug encapsulation efficiency increased from 41% to 50% with the gas foaming of 0.5% CNC--chitosan hydrogel at 50 bar (as shown in [Table 3](#polymers-09-00064-t003){ref-type="table"}). In addition, a rapid release of drug and high amount of drug release was observed in the gas foamed hydrogels as were typical of diffusion- controlled systems. As shown in [Figure 8](#polymers-09-00064-f008){ref-type="fig"}, the drug release was increased to 1.06 mg/L in the gas foamed 0.5% CNC--chitosan hydrogel at 50 bar, when compared to the drug release (0.74 mg/L) of 0.5% CNC--chitosan hydrogel formed at atmospheric condition.

The three basic steps in the gas foaming process are: (1) plasticization due to CO~2~ diffusion into the polymer matrix at high pressure; (2) nucleation due to supersaturated gas and depressurization; and (3) gas bubbles growth due to the gas diffusion from the surrounding polymer \[[@B68-polymers-09-00064]\]. Skin layer formation and poor pore interconnectivity are common issues in porous fabrication technique. However, these can be overcome by fabrication of polymer matrices using gas foaming method \[[@B69-polymers-09-00064],[@B70-polymers-09-00064]\]. By tuning the process conditions such as operating pressure, depressurization rate and temperature, the final structure of the product can be modified as required. The results of the previous studies showed that the solubility of CO~2~ dramatically increases as the pressure is increased (0.077 mol CO~2~/kg H~2~O solubility at 1 bar increases to around 30-fold at 50 bar). On the other hand, the solubility of CO~2~ is decreased by increasing the temperature at each pressure \[[@B46-polymers-09-00064]\].

In this study, we fabricated the 0.5% CNC--chitosan hydrogel using high pressure CO~2~ at 10, 30 and 50 bar in room temperature for two days. The operating temperature was not increased (maintained at room temperature) due to the liquefaction of hydrogel at elevated temperatures. Slow depressurization (1 bar/min) was used as it helps to obtain large pore sizes in the hydrogel matrix.

3.8. Drug Activity {#sec3dot8-polymers-09-00064}
------------------

After releasing, the chemical reactivity and biological activity of the drug are the most critical parameters in drug delivery systems \[[@B71-polymers-09-00064]\]. For some drug delivery systems, drugs deteriorate due to the denaturation reactions with carrier and cause some detrimental effects after release. In order to prevent this the carrier should not interact with the drug and able to be delivered into the body without any chemical transformation. In this study, the activity of curcumin before loading and after release was observed by comparison of UV visible spectra. The spectra of pure curcumin and in the release medium (SGF) were recorded. As shown in [Figure 9](#polymers-09-00064-f009){ref-type="fig"}, a significant difference was not observed for both spectra. This shows that the drug retained its chemical structure after release from the hydrogel.

3.9. In Vitro Degradation {#sec3dot9-polymers-09-00064}
-------------------------

For oral drug administration, it is important to study the degradation of hydrogel in conditions similar to living cells over long period of time. Degradation studies were carried out in PBS buffer at 37 °C for six weeks. The results of this study are presented in [Figure 10](#polymers-09-00064-f010){ref-type="fig"}. The hydrogels showed degradation due to the presence of −OH and −NH~2~ groups in the chitosan backbone. These groups have the ability to interact with water. The hydrogel matrix became loose due to swelling property. Gels with low CNC content had greater ability to absorb the solvent and high swelling ability due to the presence of more void space in the hydrogel and loose network \[[@B71-polymers-09-00064]\]. On the other hand, there may be physical crosslinks between the surface hydroxyls of cellulose crystals and --OH groups of chitosan molecules. The presence of H-bonding interactions between chitosan and cellulose restricts the relaxation of chitosan segments within the matrix. Besides that, the crystallinity is an important factor that influences the degradation of hydrogel due to the different chain packing arrangements of each polymer. Amorphous structure allows more water to penetrate in to its polymer matrix resulting faster degradation rates. In the crystalline regions, polymer chains are closely packed and resist the penetration of water molecules within the regions. CNCs are high crystalline particles with highly ordered and closely packed chains. The X-ray diffraction patters of our previous study also indicated that the addition of CNCs will induce a combination of crystalline and amorphous regions in the nanocelulose reinforced chitosan hydrogel. Several studies have also demonstrated that a small amount of CNC could lead to a remarkable decrease in the degradation rate of the composite matrix \[[@B72-polymers-09-00064],[@B73-polymers-09-00064]\]. According to the results, 2.5% CNC--chitosan showed 69% weight loss as it contained high amount of CNCs, while chitosan hydrogel lost its 84% weight because it does not contain CNCs.

4. Conclusions {#sec4-polymers-09-00064}
==============

In this study, CNC reinforced chitosan hydrogels were synthesized using chemical crosslinking method. It was observed that compression strength of chitosan hydrogel increased from 25.9 ± 1 kPa to 38.4 ± 1 kPa with the introduction of 0.5% cellulose nanocrystals. Maximum compression of hydrogel decreased with increasing the pressure of gas foaming process due to the formation of large pores and widely interconnected pore structures. FESEM images showed that the pores of the hydrogel are around hundred micrometers and it increased more than tenfold after the gas foaming process (at 50 bar). Further, it showed a highly interconnected open 3-D pore network and rough cell wall structures. Maximum swelling ratio was obtained for 0.5% CNC--chitosan hydrogel and it decreased with increasing the CNC content. This may be due to the filling up the free space of hydrogel with CNCs as indicated by previous studies. Gas foamed hydrogels swelled faster than the hydrogels prepared at atmospheric condition. Results revealed that drug loading efficiency decreased with increasing the percentage of CNC in the hydrogel. Higher drug loading ability was observed in gas foamed hydrogel when compared to hydrogel formed at atmospheric condition. The drug encapsulation efficiency of gas foamed hydrogels at 10, 30 and 50 bar is 43% ± 0.7%, 45% ± 0.9% and 50% ± 2.0%, respectively, and it is 41% ± 2.4% for the hydrogel formed at atmospheric condition. The in vitro curcumin release studies were investigated in SGF. The drug release profiles of hydrogels were consistent with the data obtained from the swelling studies. Highest drug release was indicated by 0.5% CNC--chitosan hydrogel (0.74 ± 0.03 mg/L) and it was lowest in 2.5% CNC--chitosan hydrogel (0.54 ± 0.04 mg/L). The kinetic parameters indicated that the drug diffusion through the hydrogel were in non-Fickian (anomalous) manner. The amount of drug release increased and faster release of drug was observed in the gas foamed hydrogel compared to the hydrogel formed at atmospheric condition. Curcumin retained its structural integrity after release, which is critical requirement for preserving drug activity. In vitro degradation of hydrogels was found dependent on the swelling ratio and the amount of CNC of the hydrogel. Because the pH sensitive CNC-reinforced gas foamed hydrogel exhibited efficient drug carrier properties, it can be suggested as promising candidate for stomach specific drug delivery.
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![Maximum compression of hydrogels formed at different pressure conditions.](polymers-09-00064-g001){#polymers-09-00064-f001}

![FTIR spectra of pure chitosan hydrogel, 0.5% CNC--chitosan hydrogel, curcumin loaded 0.5% CNC--chitosan hydrogel and pure curcumin.](polymers-09-00064-g002){#polymers-09-00064-f002}
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FESEM images for the cross section of: (**a**) gas foamed hydrogel; (**b**) hydrogel formed at atmospheric condition; (**c**) gas foamed hydrogel after immersed in SGF; and (**d**) hydrogel formed at atmospheric condition after immersed in SGF.
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Encapsulation efficiency of curcumin for different hydrogels.

  Hydrogel             Encapsulation Efficiency (%)
  -------------------- ------------------------------
  0% CNC--chitosan     37 ± 0.8
  0.5% CNC--chitosan   41 ± 2.4
  1% CNC--chitosan     36 ± 1.8
  1.5% CNC--chitosan   34 ± 0.5
  2% CNC--chitosan     33 ± 1.9
  2.5% CNC--chitosan   30 ± 2.8
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###### 

Release kinetics of hydrogel in SGF.

  Hydrogel             *n*    *R*^2^   *K*
  -------------------- ------ -------- ------
  0% CNC--chitosan     0.76   0.98     0.46
  0.5% CNC--chitosan   0.61   0.98     0.52
  1% CNC--chitosan     0.68   0.98     0.60
  1.5% CNC--chitosan   0.70   0.99     0.57
  2% CNC--chitosan     0.67   0.96     0.57
  2.5% CNC--chitosan   0.66   0.96     0.57
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###### 

Encapsulation efficiency of curcumin for hydrogels formed at different pressure conditions.

  Pressure of Hydrogel Formation   Encapsulation Efficiency (%)
  -------------------------------- ------------------------------
  1 bar                            41 ± 2.4
  10 bar                           43 ± 0.7
  30 bar                           45 ± 0.9
  50 bar                           50 ± 2.0
